Synopsis Ascidians, which are the closest phylogenetic relatives to vertebrates, lack a distinct pituitary gland, which is the major endocrine gland in vertebrates. Nevertheless, for the past 130 years, it has been debated that the ascidian neural complex (NC) is homologous to the pituitary. Of the three major components of the NC, the neural gland (NG) has mainly been thought to be the ascidian counterpart of the pituitary. Recently, however, the ciliated funnel, and not the NG, was postulated to be the adenohypophysis (AH) primordium because it is likely derived from oral ectoderm, and because the expression of several placodal genes is comparable to their expression in vertebrates. An extensive in silico survey of the Ciona intestinalis genome sequence revealed that genes encoding pituitary hormones are absent in ascidians. Under the circumstances, this thesis attempts to find a path that shows that the AH primordium is recognizable in the ascidian by revisiting molecular and developmental data from recent public resources on C. intestinalis, and through the use of advanced bio-imaging techniques. A putative Ciona genetic pathway, which was constructed by referring to data from mammals, shows that only a patchwork of the genetic network exists to achieve terminal differentiation of the AH endocrine cells in the Ciona genome. Re-annotation on glycoprotein hormone related proteins, a GPA2/ARP and two GPB5/BRP ones previously reported, reveals that the GPA2 locus contains two splicing variants, and one variant likely formed a three-dimensional conformation similar to that of human GPA2. No clone of the GPB5/BRP1 locus has been isolated, and another candidate, BRP2, is unlikely to be a GPB5. Next, I argued a possibility that endocrine activities of Ciona species could be specialized in association with its short generation time, and I suggest that not only Ciona species but also other ascidians should be studied in order to understand ascidian endocrinology. Confocal images of the stages of tailbud development reconfirmed the presence of an oral ectoderm placode, and I propose to update the stomodeum development by adding descriptions of a folded structure of the stomodeum and deeply positioned opening of the sensory vesicle. Finally, YFP expression driven by Ci-Six3 promoter demonstrated a boundary between the pharyngeal endoderm and other ectodermal and neuroectodermal tissues around the ciliated funnel. These updates on the ascidian model, which complement other lower chordates and vertebrates, shed light on the evolutionary origin of the pituitary primordium.
Introduction
The historical Evo-Devo view of the pituitary organs since the late 19th century Evo-Devo concepts can be recognized in the early literature although it has only been in the past 10-15 years that the term ''Evo-Devo'', with molecular data, has been used to claim homologies among phylogenetically different organisms. Such Evo-Devo concepts have been applied to determine also the evolutionary origin of the pituitary organ by morphological comparisons among hemichordates, chordates (ascidians), cyclostomes (the lamprey), and vertebrates/gnathostomes since Julin (1881) and Willey (1893) studied $130 years ago.
The vertebrate pituitary, anatomically positioned ventrally to the brain, is composed of two parts: the adenohypophysis (AH) and neurohypophysis (NH), which are developmentally derived from the ectoderm and neuroectoderm, respectively (Fig. 1A ). It is a major endocrine gland: the AH secretes several hormones, such as adrenocorticotropic hormone (ACTH), b-endorphin, follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroidstimulating hormone (TSH), growth hormone, and prolactin, whereas the NH secretes oxytocin (OT) and vasopressin (VP) . While the lamprey, a lower vertebrate, possesses a distinct pituitary organ and hormones, the ascidian does not show distinct evidence of them (reviewed by Sower et al. 2009 ). Thus, researchers have argued about which evolutionary traces are recognizable in the ascidian, a chordate lower than the vertebrates.
Several hypotheses of the ascidian neural complex, past and present
Initial claims for the pituitary homolog in the ascidian were based on the development and morphology of the adult neural complex (NC), which is composed of three major parts: the cerebral ganglion (CG), the ciliated funnel (CF), and the neural gland (NG; see Fig. 1B ). Among these, the CG appears to be a diencephalic brain. It originates mainly from the posterior sensory vesicle (Takamura 2002; Dufour et al. 2006 ) and shows endocrine activity. For examples, ascidian genes orthologous to GnRH and OT/VP, which are secreted from the hypothalamus and the NH, respectively, in vertebrates, are expressed in the cortex of the CG, suggesting that the NC is not distinctly compartmentalized as are vertebrate brains (Tsutsui et al. 1998; Kavanaugh et al. 2005; Kawada et al. 2008; Ukena et al. 2008; Kawada et al. 2009 ). Moreover, PC2 expression in the cortex of the CG supports possible endocrine activity (Sekiguchi et al. 2007 ).
The remaining two components, the CF and NG, were thought to be homologous to the pituitary gland because of their embryonic origins and the topology of the adult organ. It was believed that the CF and NG originate from the ectoderm and neuroectoderm, respectively, and are positioned ventrally to the CG in the adult and connected via the NH duct. The outline of this hypothesis has been maintained since Willey (1893) , the most orthodox reference cited even today.
Although immunohistochemical studies of mammalian pituitary hormones, which were examined in the mid to late 20th century, seem to reinforce an hypothesis of pituitary-like endocrine activity, the interpretations of the data are not clear (Fig. 1B-E, reviewed by Romanov 2001; Joly et al. 2007b ; see also Supplementary Material 1). Actually, data from immunohistochemical reactions must be revisited carefully because no genes for pituitary hormones have yet been identified even after complete genome sequencing (see below). In any case, the NG was the main subject of the debate for a pituitary homolog in ascidians.
This situation has changed in the 21st century for two major reasons: (i) the whole genome was sequenced and additional EST data have been accumulated for Ciona species (Takamura et al. 2001; Dehal et al. 2002; Campbell et al. 2004; Sekiguchi et al. 2007) , and (ii) it was reported that the Pitx gene, the major pituitary marker, and other placodal genes are expressed in the embryonic oral ectoderm and in the adult CF (Boorman and Shimeld 2002; Christiaen et al. 2002; ). In addition, it was recently hypothesized that the NG may be homologous not to the pituitary but to one of the circumventricular organs, such as the choroid plexus, with speculation that the embryonic origin of the NG is a population of cells dorsal to the neural tube Joly et al. 2007b ). Thus, instead of the NG, the CF is currently the proposed ascidian counterpart to the vertebrate pituitary, more precisely the AH ( Fig. 2A) .
Herein, this article argues the genomics aspects of the issue by showing a patchwork of genetic network for differentiation of cells secreting pituitary hormones and by re-annotating glycoprotein hormones using the recent, accumulated, public resources on C. intestinalis. Next, to provide a springboard for discussion on developmental analogy between the pituitary and the CF, the placodal structure and the formation of the stomodeum are revisited with particular attention to a folded structure of the stomodeum and the deep position of the opening of the sensory vesicle. Additionally, it is briefly mentioned that knowledge from the ascidian model may be helpful in gaining insight into an evolutionary scenario of the pituitary primordium by discussing a border between pharyngeal endoderm and other ectodermal tissues around the candidate for the adenohypophysial primordium, the CF. This information will assist not only researchers using the ascidian model but also those using other models in integrative and comparative studies.
Surveys of pituitary-like endocrine activities in the genomic era A brief summary of genomic surveys for genes relevant to AH-like endocrine activity A major concern has been whether or not the ascidian NC, whose morphology is not identical to that of the pituitary organ, functionally resembles the pituitary gland. To resolve this issue, several researchers have conducted large-scale genomic surveys of orthologous genes encoding AH and NH hormones using the genomic and EST resources (e.g., Campbell et al. 2004; Kamesh et al. 2008) . Currently available whole-genome sequences of two Ciona species, C. intestinalis and C. savignyi, seem to cover almost all gene repertoires (Dehal et al. 2002; Vinson et al. 2005; Satou et al. 2008) , although verification of individual cases still might be required. Furthermore, modern in silico surveys using hidden Markov models, such as the HMMER algorithm (Durbin et al. 1998) , have been applied to the Ciona genome to detect divergent genes encoding hormones that are rarely detected by traditional computing searches such as BLAST (Campbell et al. 2004; Kamesh et al. 2008; Lovejoy and BarsyteLovejoy 2010) .
Nevertheless, no orthologous genes encoding pituitary hormones have been found in the Ciona sequences (see below). Thus, researchers have concluded that the ascidian genome contains no genes encoding major pituitary hormones; that only a partial hypothalamic-pituitary-peripheral gland system is exhibited in non-vertebrates, including the ascidians; and that the pituitary-hormone genes were innovations of the vertebrate lineage (Campbell et al. 2004; Sherwood et al. 2005; Sower et al. 2009 ).
Patchwork status of the AH cell-differentiation pathway
The conclusion that there are no genes encoding major pituitary hormones could be owing to the difficulty of in silico surveys of putatively very divergent hormone genes. Since it is more feasible to detect transcription factors (TFs), I attempted in silico search for TFs that are known in the pathway for the terminal differentiation of AH cells in mammals (Okada and Asai 2008) . Using the Ciona genomic, EST resources and expression databases, I constructed a putative pathway map to examine whether known pathways for the AH cell differentiation can be applied to the ascidian, C. intestinalis (Fig. 2B) . The results showed that TF pathways are either blocked because of the absence of orthologous TFs in Ciona or are not expressed at the proper timing or in spatial domains equivalent to the development of the vertebrate pituitary (Schlosser 2005) .
This kind of genetic ''patchwork of islands'' was noted in the steroid-hormone synthetic pathway (Campbell et al. 2004) , suggesting that several important genes for the AH-like endocrine system are absent in the Ciona genome. Although the real Ciona pathway could be different from that in mammals because of the plasticity of the developmental program (reviewed by Lemaire et al. 2009 ), it is unlikely that a genetic regulatory network is established toward the terminal differentiation of AH endocrine cells in Ciona. Together with the absence of the AH genes, this suggests that Ciona does not produce AH-like hormones, although immunoreactive studies have suggested that the NC functions as a vertebrate pituitary-like organ.
It is likely that AH hormones are innovations of the vertebrate lineage. This is seen not only in Ciona but also in the amphioxus genome, as well as in other deuterostomes, such as the sea urchin . Recent in silico analysis revealed that five TF genes for terminal differentiation into hormone-secreting cells in AH and their paralogs were part of paralogons, as well as their receptors, suggesting that neofunctionalization or subfunctionalization of the genes took place after two rounds of whole-genome duplication (2R-WGD) (Okada and Asai 2008) . This finding suggests that the two rounds of whole-genome duplication could be associated with a role in generating AH genes and in increasing the diversification of the hormone repertoire in the AH-mediated endocrine system. Among the pathways for the five cell types, two pathways for gonadotrophs could be completed if missing expression data would be validated (Fig. 2B) . Thus, investigation of expression patterns and regulations for such genes could give a , and at the tip of the CF of the NC in the tailbud, larval, and adult stages, respectively (Boorman and Shimeld, 2002; Christiaen et al. 2002 Christiaen et al. , 2005 . CG: cerebral ganglion, ETB: early tailbud stage, LTB: late tailbud stage, MTB: mid-tailbud stage, NG: neural gland, PSV: posterior sensory vesicle. (B) A putative pathway was constructed using the current Ciona genome and EST databases, by referring to cascades for the AH cell differentiation studied in mammals (Sheng et al. 1997; Burgess et al. 2002; Quentien et al. 2006; Mullen et al. 2007 ). Crosses are put on genes that are absent from the Ciona genome. Genes in parentheses were identified in the Ciona genome, but their spatial or temporal patterns of expression are not equivalent to those in the mammalian pituitary development. Although T3 hormone activity was validated in C. intestinalis, a Ciona thyroid receptor, Ci-NR1/THR, does not bind to T3 with high affinity (Carosa et al. 1998; Yagi et al. 2003; Ollikainen et al. 2006) . Thus, it is enclosed here in double parentheses despite its expression at the neural boundary of the endoderm (Carosa et al. 1998) because it is unclear whether it is associated with NC development. The minus sign (-) indicates that the T3R is a negative factor for thyrotrophs in the mammalian pituitary.
speculative verification of the bridging model proposed by Campbell et al. (2004) .
Re-annotation of glycoprotein hormone-relevant genes using updated public resources
Researchers may derive insight into the evolution of AH glycoprotein hormones, such as FSH, LH, TSH, and thyrostimulin, by focusing on a and b subunits of the heterodimeric hormones, which appear to have evolved from GPA2 (a) and GPB5 (b), respectively (reviewed by Sower et al. 2009 ). In jawed vertebrates, the a subunits, GPA1 duplicated from GPA2, are identical among the hormones, and the b subunit is unique to each hormone, which confers hormone specificity. Discoveries of GPA2 and GPB5 in flies, amphioxuses, and lampreys suggest that an ancestral heterodimeric glycoprotein hormone existed before the divergence of vertebrates/invertebrates (Sudo et al. 2005; Dos Santos et al. 2009; Sower et al. 2009; Kubokawa 2009a, 2009b) . In the Ciona genome, one GPA2-like and two GPB5-like genes were identified in silico although it is unlikely that FSH, LH, and TSH exist, as mentioned above (Campbell et al. 2004; Dos Santos et al. 2009 ).
Additional information on the subunits of the Ciona glycoprotein hormones can be retrieved from currently available public resources. Researchers on ascidians continue to work to improve genomic resources beyond the creation of the initial report on genome sequencing (Dehal et al. 2002) Two isoforms from the Ci-gpa2 locus One Ci-gpa2 locus was identified on chromosome 4 in the new KH assembly of the Ciona genome (Campbell et al. 2004; Dos Santos et al. 2009 ). Of note, the new sequence resource implies that the Ci-gpa2 locus contains two splicing variants for Ci-GPA2 isoforms a and b 0 region yet, i.e., neither the initial codon nor splicing adapter cassette is known, so it is categorized in the ND groups as defined by Satou et al. (2008) , whereas the Ci-gpa2b transcript is matured via SL trans-splicing (Satou et al. 2008) .
Ci-gpa2a is likely expressed in the gastrula and neurula because the EST clone was isolated only from a cDNA library of mixed gastrulae and neurulae. Similarly, Ci-gpa2b is likely expressed in the tailbud stage to mature adult stage and in the embryonic endoderm and digestive gland of the adult. This suggests that the expression domains are comparable to those of amphioxus GPA2 reported by Dos Santos et al. (2009) , but further spational expression should be studied using in situ hybridization. Alignments of translated protein sequences with other known glycoproteins have revealed that both isoforms maintain a cysteine residue position shared with vertebrate GPA1, referred to as the CXGCCtype box, whereas the CXGXC-type box is commonly shared in GPA2 (Dos Santos et al. 2009 ). Another difference is that Ci-GPA2a lacks the first cysteine residue at #76, which is essential for maintaining the GPA2-type cysteine knot structure, whereas Ci-GPA2b shares the same cysteine positions with typical GPA2 ( Fig. 3 ; see Supplementary Material 2 for full alignment). Thus, the Ci-GPA2a protein could form a different conformation compared to other GPA2 proteins.
To test this hypothesis, I performed in silico modeling of Ci-GPA2a and others using human chorionic gonadotropin (CGA/GPA1) as a modeling template (RCSB protein data bank [PDB] code: 1hncnA). With regard to Ci-GPA2b, it was indeed predicted that the positions of the cysteine residues for the cysteine-knot structure are identical to those in human GPA2 (Fig. 3A) . However, the predicted combination of disulfide bonds in Ci-GPA2a was different than either the GPA1 or GPA2 proteins, including Ci-GPA2b. Namely, the lack of the cysteine at #76 in Ci-GPA2a could result in the loss of the disulfide bond that penetrates the ring with the other two bridges, thereby leading to a different conformation of Ci-GPA2a ( Fig. 3B ; see also Supplementary  Fig. S3a ). The visualized model for Ci-GPA2a was not very different from that of either human GPA2 or Ci-GPA2b, although one of two finger motifs was not completely formed ( Fig. 3B) .
Notably, the best model for Ci-GPA2a was gained from alignment with the human SCLEROSTIN (template E-value, 3.8734e-14), whereas the model with the human CGA was the third best (template E-value, 1.2319e-06). In the best model with SCLEROSTIN, it was predicted that a cysteine residue with an arginine forms a bridge penetrating the eight-membraned cysteine ring (see Supplementary  Fig. S3B ). Thus, Ci-GPA2a is structurally different from a glycoprotein hormone but could form a stable conformation. Because SCLEROSTIN is involved in the canonical WNT signaling during development (Li et al. 2005) , and together with the expression at the gastrula-neurula stage suggested by the ESTs, Ci-GPA2a could be related to Ci-Gpa2b is identical to the one identified by Campbell et al. (2004) . (B) A partial alignment of glycoprotein amino acid sequences. From the top, humanGPA1/CGA (Q6I9S8), medakaGPA1 (A7UDN7), CiGPA2a (from the present study by referring to the Ghost database), CiGPA2b (present study, modified from XP_002125424.1 by referring to the Ghost database), CsGPA2 (CAR94706.1), human_GPHA2 (Hs-GPA2; Q96T91), and medakaGPA2 (ENSORLT00000006945). Full-length alignments and color figures are provided in the Supplementary Material with additional information. Asterisks indicate cysteine residues in the Ciona glycoproteins. Dotted lines indicate typical known disulfide bonds for cysteine-knot structures in human GPA1 and GPA2 (above and below the alignment, respectively). Thick lines indicate putative disulfide bonds in Ciona glycoproteins between cysteine residues C1-C6 in Ci-GPA2a and b, above and below the alignment, respectively. A thin line indicates a disulfide bond in Ci-GPA2a. (C) Putative protein structures of Ci-GPA2a, b, and human GPA2. Backbone structure modeling was performed using HMM-based protein structure prediction, SAM-T08 (Karplus 2009) , and the Undertaker models, aligned with human glycoprotein chain A (PDB code#1hcnA), are displayed here for Ci-GPA2a (E-value, 1.2319e-06 with 1hcnA versus 3.8734e-14 with 2k8pA as the top score template), Ci-GPA2b (E-value, 2.0688e-09 with 1hcnA versus 6.6285e-12 with 2k8pA), and the human GPA2 models (E-value, 2.1663e-10 with 1hcnA versus 6.1801eÀ11 with 1hcnB). In the Ci-GPA2a model, one of the finger structures is lacking (arrow), and an incomplete cysteine-knot structure is formed (arrowhead in inlet). The positions of each cysteine, which are indicated in (B), were identified and visualized with an open-source Java viewer for chemical structures in 3D, Jmol (http://www.jmol.org/). The five known disulfide bridges in mammalian GPA subunits were indeed predicted (data not shown).
development rather than functioning as a glycoprotein hormone (Dos Santos et al. 2009 , Trudeau 2009 ). On the other hand, the similar conformation of Ci-GPA2b could imply that it functions similarly to the vertebrate GPA2, as in the case of flies (Sudo et al. 2005) . Interestingly, microarray data generated by Azumi et al. (2007) suggested that Ci-gpa2b expression is likely to be upregulated after the tailbud stage, to peak at the mature adult stage, and then to be down-regulated in aged animals (see Supplementary Material 4). Thus, Ci-gpa2b could be associated with reproduction.
A Ci-GPB5 candidate is not cloned, while another is unlikely to be GPB5
Two and three GPB5 candidates were mapped on the KH (the newest assembled version) and the Ciona2.0 assemblies, respectively, using amino-acid sequences for b-subunit-related proteins as quarries (BRP1 and 2; Campbell et al. 2004 ; Table 1 ). Three different lengths of variations retrieved from the Ciona2.0 were classified into two groups in an alignment of amino-acid sequences, and they were placed into two loci on chromosome 4 and a genomic scaffold Khl132 for BRP1 and BRP2, respectively. Thus, the genomic information suggested that the two loci may be GPB5 although further annotation leads to a single possible GPB5 locus as follows.
One of them, BRP1, is indeed next to the Ci-gpa2 locus on the same chromosome 4 among the 14 chromosomes of C. intestinalis, and the genomic synteny conserved among chordates suggests that the candidate is orthologous to other gpb5 genes (Dos Santos et al. 2009 ). In silico modeling on protein sequence predicted from the genomic loci suggested that BRP1 could form a conformation with a cysteine knot structure and a long loop (see Supplementary Material 5). Thus, it is expected that BRP1/Ci-GPB5 functions in association with Ci-GPA2b. On the other hand, neither EST nor expression data have yet been reported for Ci-gpb5, even with the current extensive sequences available. Thus, isolation of cDNA for the predicted gene is required for validation. cDNA could be cloned for Ci-gpb5/brp1 because several domains conserved in the closely related species C. savignyi are recognized in the genome (see Supplementary Material 6). If a clone could be isolated, its spatial and temporal expression would contribute to the evolutionary scenario of GPB5 molecules.
Information on the genomic position of BRP2, another GPB5 candidate, shows inconsistency, while the synteny between ARP/Ci-GPA2 and BRP1/ Ci-GPB5 is clear. Although a KH model encoding BRP2, KH.L132.4.v1.A.ND1-1, is located on an undetermined chromosomal fragment, Khl132, the gene model can be mapped onto chromosome 1 in the Ciona2.0 assembly. In any case, it is unlikely that brp2 is syntenic with other Ciona glycoprotein genes. Furthermore, brp2 is part of a fully sequenced clone, cilv038i02 (accession no. AK116892), and shows similarity with a multiple epidermal growth-factor-like 6 gene rather than with a GPB5 gene, although cysteine residues for the cysteine knot structure are recognized (Supplementary Material 2) Kubokawa 2009a, 2009b) . No in silico model aligned with human CGA was predicted on BRP2, while the top model was obtained with a tie2 ligand-binding domain crystal structure (PDB code#2gy5) that is associated with receptor tyrosine kinases in angiogenesis in humans (Supplementary Material 5). Thus, brp2 is unlikely to encode GPB5.
Speculation about the putative developmental roles of the ascidian glycoproteins
Ci-GPA2b and the putative Ci-GPB5 have substantial structural similarities with glycoprotein hormone subunits, although it remains to be shown whether the two glycoproteins, with the presumable cysteine knot structures, heterodimerize with each other and then function as a hormone. It is noteworthy that Ci-gpa2 expression is up-regulated during growth and into the mature phases of the life cycle (Supplementary Material 4) .
Considering evolutionary scenarios and their structures without the seat-belt to stabilize heterodimers (Campbell et al. 2004) , it is reasonable to speculate that the Ciona glycoproteins also could function as developmental antagonists, because the developmental roles of glycoproteins were established early in the bilaterian lineage and are maintained in flies and amphioxus (Sudo et al. 2005; Holland et al. 2008; Dos Santos et al. 2009; Kubokawa 2009a, 2009b) . Ci-gpa2b and its putative receptor gene Ci-gphrr are actually expressed during developmental stages, suggesting that Ci-gpa2b could be associated with a developmental pathway, such as the BMP one, as proteins with eight-membrane-ring cysteine knots could act by antagonizing other structurally close developmental factors (reviewed by Avsian-Kretchmer and Hsueh 2004) . In mammals, the a subunit alone functions in cell differentiation in the pituitary (Begeot et al. 1984; Krause et al. 2007 ). Thus, even if the expression of Ci-gpb5 on chromosome 4 is not shown, it would be interesting to investigate whether CiGPA2b has any physiological role in the development of the NC or of other tissues.
The updated public resource may provide a good starting point for further investigation although it must be examined in greater detail. It is interesting to investigate how these glycoprotein genes were recruited as pituitary hormone genes during evolution, in combination with construction of a genetic pathway for Ciona's glycoproteins.
Does the Ciona genome(s) represent the typical ascidian one in terms of AH-related hormones?
In determining the evolutionary aspects of the chordate lineage, it is generally helpful to discuss not only ascidians but also amphioxus (Schubert et al. 2006) . For examples, even though the amphioxus genome maintains some of the ancestral chordate genomic content that was lost in the Ciona genome, such as Pit-1/POU-1, NeuroD1, the synthesis of steroids, and odorant receptors, it appears that amphioxus does not have homologs of major pituitary hormones (Hughes and Friedman 2005; Candiani et al. 2008; Holland et al. 2008; unpublished data; Churcher and Taylor 2009 ). Thus, it is reasonable to propose that AH-like hormone activity is indeed a vertebrate innovation because it is unlikely that AH-like endocrine cells differentiate in Ciona even though the missing TFs would exist in its genome.
In a similar way, I propose that not only Ciona species but also other ascidians should be examined to gain better insight into the current issue. Ciona species are used for genome sequencing because of their small genomes (which are equivalent to those of flies), for long-term developmental experiments because of their year-round maturation, and for experiments in genetic because of their short generation time (Dehal et al. 2002; Satoh et al. 2003; Kano 2007) . These features are indeed advantages for developmental studies, but Ciona genomes could also be specialized in accordance with their life history and in regard to endocrine activity.
Looking back on the initial studies of the immunohistochemical reactivity of the pituitary hormones, the existence of AH-like antigens was not really supported in Ciona, but rather in other ascidian species, such as Styela plicata (in the NG, a series of studies by Pestarino and colleagues) and Halocynthia roretzi (prolactin in the CG; ACTH in the dorsal strand and CG) (Terakado et al. 1997; Kawahara et al. 2002) . These might mean that the AH hormones are lost in Ciona but not in others, whereas no genes encoding the AH-like antigens have been cloned in any ascidians. Otherwise, hormones of Ciona could be too divergent to be detected. For example, as Kawada et al. (2010) pointed out, primary structure of SOP, the OT/VP-related protein isolated from Styela plicata, is more similar to those of vertebrate OT/VP family than is that of Ci-VP from C. intestinalis. This observation raises the possibility that Ciona is specialized with regard to hormone activity.
The putative difference might be associated with the life history of Ciona, which has a short generation time, rather than with the different phylogenetic taxa within the tunicates; Ciona belongs to the Phelobobranchiata, whereas Styela and Halocynthia belong to the Stolidobranchiata. The Ciona genomes have evolved rapidly but not to such an extreme as in other tunicates (Winchell et al. 2002; Holland and Gibson-Brown 2003; Delsuc et al. 2006; Tsagkogeorga et al. 2009 ). Thus, one could speculate that the life history of Ciona, with its short generation time, rather than differences among taxonomic classes, resulted in its specialized genomic status. Other ascidians have larger genomes than does Ciona, whose genome is estimated to be $160 Mbp (Dehal et al. 2002) ; compare to 725 Mbp in Botryllus schlosseri (De Tomaso et al. 1998) , and $320 Mbp in Styela plicata, (Taylor 1967) . The Ciona genome may have been reduced in size after modification of several systems, including reproductive regulation via hormones.
Like other ascidians, Ciona species can survive even after the NC is dissected and can regenerate it (Dahlberg et al. 2009 ). This suggests that the NC may function in anything other than metabolism, and Gorbman (1995) proposed that the NC functions as a regulator of reproduction associated with cyclic seasonality (see also Terakado 2009 ). Furthermore, extracts from the NC induce the releasing of gametes (Carlisle 1951; Terakado 2001) . Ciona is reproductively mature throughout the year and shows less seasonality because of its short generation time, ranging from one to two months under spontaneous conditions (Yamaguchi 1975) . The number of GnRH neurons is kept constant in mature Ciona, whereas in H. roretzi, whose life span is four years and more, the number greatly increases during their breeding season (Terakado 2009 ). Furthermore, a higher number of GnRH and GnRHR genes are found in Ciona compared to vertebrates (reviewed by Sherwood et al. 2006 ). This might be reflect the possibility that Ciona has modified reproductive regulation associated with rapid sexual maturation, whereas other ascidians, with seasonal reproduction, could possess more original hormonal systems.
The divergence time even between the two Ciona species is estimated to be 180 million years ago (MYA), which is equivalent to that between humans and the platypus (Berna et al. 2009 ), indicating that tunicates are highly diverged. Thus, with regard to endocrine studies, further examination of other ascidian species would be helpful to ascertain whether the current understanding of the Ciona species represents the typical ascidian condition or one specific to Ciona. In practice, the use of different hagfish species in research has resulted in better findings. Paramyxine atami was more suitable for studying GTH than was Myxine glutinosa or Epsatretus burgeri (Miki et al. 2006) . Alternatively, as in the case of Ci-gpa2b, it would be nice to trace the whole life cycle by taking advantage of the short generation time in Ciona. From a genomic point of view, it is necessary to survey other ascidian genomes to obtain more robust results for tunicates, especially as the costs of sequencing are not prohibitive.
Insights into a pituitary primordium gained from studying the development of the ascidian oral ectoderm
The development of Ciona species suggests a pituitary primordium Current data from the Ciona genome suggests that the ascidian NC, including the CF, is unlikely to be a pituitary-like endocrine gland, while it is necessary to examine other ascidians before drawing a final conclusion. Molecular markers from tunicates, amphioxuses, and possibly acorn worms also suggest that it is unlikely for the pituitary organ to have abruptly appeared in vertebrates during evolution (Willey 1893; Harada et al. 2002; Christiaen et al. 2007; Candiani et al. 2008 ). Thus, a primordium of the pituitary should be recognized in ascidians, which are the closest relatives of vertebrates. This hypothesis may be supported by data showing that a series of ascidian developmental processes and molecular markers that resemble those in vertebrates.
The vertebrate AH originated from the ectoderm, while the NH originated from the neuroectoderm, where it differentiated from the infundibulum of the diencephalon. Development of the pituitary is tightly linked with development of the primary mouth and forebrain (reviewed by Kawamura et al. 2002; Schlosser 2005; Christiaen et al. 2007) .
It is likely that in the ascidian, oral ectoderm gives rise to the CF (Fig. 2A) . Therefore, it is hypothesized that the CF is developmentally homologous to the AH, while an ascidian counterpart of the NH remains speculative (see also Supplementary Material 7). Furthermore, gene expression patterns of mouth development are widely shared among chordates and vertebrates (reviewed by Christiaen et al. 2007) . In this developmental process, the oral ectoderm thickens, forming a placodal structure, invaginates deeply, and subsequently most likely approaches the cerebral tissues of the neuroectoderm. Because the last step is speculative, it is important for further investigations to generate a working hypothesis for how the oral ectoderm becomes positioned near the cerebral tissues.
Herein, the Ciona species is a useful and widely used model for developmental biology because its transparent embryos are observable using several bio-imaging techniques such as confocal imaging and fluorescence reporters via transgenesis. Considering these advantages, in the present study, I revisited the morphogenesis of the ectodermal stomodeum and its related oral-siphon primordium.
Formation of the stomodeum in the ascidian embryo as revealed through confocal imaging
It was suggested in the last decade that cranial placodal structures exist in the ascidian. This conclusion is supported by expression of pax2/5/8 orthologs in the stomodeum of ascidian embryos and by the expression of additional placodal markers such as pitx (Wada et al. 1998; Boorman and Shimeld 2002; Christiaen et al. 2002; . However, even among researchers on ascidians, the placodal structures are not precisely known. Furthermore, declared: 'Sections through the buccal cavity primordium did not show evidence of thickening prior to invagination', although Christiaen et al. (2007) described the anterior epithelium as becoming thickened at LTB1. Thus, I revisited ectodermal thickening and its invagination, namely placode structure and the formation of the stomodeum, respectively.
Results from confocal images show that the oral ectoderm starts thickening at LTB1 (Christiaen et al. 2007) . The thickening of the oral ectoderm, including the placodal structure, which is more apparent after LTB1, initiates invagination at LTB3. At this time, the placode becomes visible, which may agree with the description by . Successively, a crown-shaped stomodeum, which is conspicuous at LTB4 (Christiaen et al. 2007 ), invaginates deeply at the hatching larval stage (HL).
The ectodermal stomodeum (#1) is related to the ventral neuroectoderm (#2) during formation of the stomodeum. Consequently, the larval stomodeal pore is inherited from the embryonic neuropore (Huntsman 1913; Christiaen et al. 2005) . Along with invagination of the stomodeum, I noticed that neuroectodermal cells expressing Ci-Pitx are pushed out anteriorly to the stomodeum and form a folded structure (see Fig. 4 , HL 00 ). This protrusion is comprised of neuroectodermal cells at the ventral edge of the stomodeum and cells next to the ventral neural tube (indicated with #2, Fig. 4, ETB2 0 and HL 00 ). This zone is actually known as the actively proliferating domain in larvae (Bollner and Meinertzhagen 1993) . At the larval stage, it is likely that the folded structure compactly stores proliferated tissues, and the surplus tissues are released when the oral siphon opens wide during metamorphosis (see also Fig. 6 ).
On the other hand, with the invagination of the stomodeum at HL, the neuropore sinks deep so that the opening point of the SV, indicated by stars in Fig. 4 , is deeper than some researchers believe. Actually, Willey (1893) reported that the anterior wall of the SV becomes much thinner upon ventrad movement of pigment cells of the otolith. Thus, it is likely that the anterior tip of the neuroectoderm (#3), where the neurohypophyseal duct arises (Cole and Meinertzhagen 2004) , forms a new pore that is different from the original neuropore. A neurohypophysial placode, as proposed by Manni et al. (2005) , may also form here. In this proposed model, although the oral ectoderm is initially distant from the cerebral neuroectoderm, it is thought that the invaginating oral ectoderm (#1) contacts and fuses with the neurohypophyseal placode (#3) through linkage with the anteriorly protruding ventral neural tube (#2) (see also below).
An updated model: development of the stomodeum is more dynamic than previously thought
An updated model of the stomodeal domain is characterized by the deep opening position of the SV (stars in Fig. 4 ) and the folded structure anterior to the stomodeum. In the orthodox view, the SV determined as the anterior CNS is frequently depicted as rounded anterior tops without any neuropores, and the stomodeum is drawn as an anteriorly protruding ectodermal pocket (Fig. 5A, e. g., Willey 1893; Nicol and Meinertzhagen 1991; Takamura et al. 2010) . Alternatively, it has been claimed that the neural tube elongates and passes under the stomodeum (Fig. 5A 0 ; e.g., Katz 1983; Taniguchi and Nishida 2004; Manni et al. 2005 ). However, development of the mouth domain is actually more complicated than held by the orthodox view; e.g., there are Inverted triangles indicate cells that are positioned ventrally to the ventral neuroectoderm at ETB2 and dorsally to the anterior protrusion of the nervous system at HL (ETB2 0 , HL, and HL 00 ), which probably corresponds to cells that cover the anterior protrusion described by Taniguchi and Nishida (2004) . That work mentions that while the cells originate at least from vegetal A4.1 blastomeres other than A8.7 and A8.8, they do not belong to ectoderm, neuroectoderm, or endoderm. The cells are rolled in a domain between the stomodeum and epidermis, and judging from the position in larvae and juveniles, they are likely to give rise to a supporting tissue for a lower lip of the oral siphon. Schematic views are shown to interpret topology among oral ectoderm (#1), ventral neuroectoderm (#2), and the anterior tip of the dorsal neuroectoderm/neural tube (#3). Striped domains mark one ectodermal and two neuroectodermal Ci-Pitx expressing cells at ETB2, which is positioned deeply at HL (ETB2 0 and HL 0 , see also Fig. 2 , Christiaen et al. 2002 Christiaen et al. , 2005 . Star symbols indicate the opening points of the SV connecting to the neuropore, which is also positioned deeper than is widely believed (see also Fig. 5 ). The anterior rostral protrusion with Ci-Pitx expressing neuroectoderm elongates more anteriorly at later stages (orientated with a straight arrow), whereas the ectoderm (#1) could approach directly the neural tube where the neurohypophyseal duct (ND) arises (#3) (orientated with a wavy arrow). A putative ND (put. ND), which is predicted from topology at the metamorphosing stage (see Fig. 6 ), is drawn. However, it is not clearly shown in a series of the confocal images (see also Supplementary Material 7). migrating mesenchymal A7.6 lineage cells (Figs. 4 and 5C) (also see the improved interpretations mentioned above).
Some researchers do not mention the anterior protrusion of the neuroectoderm/neural tube when they describe the ascidian CNS. However, the paper by Katz (1983) , which is known as an orthodox anatomical reference to the ascidian larval CNS, described the protrusion to be rostral and an elongated part of the CNS (see also discussion by Manni et al. 2005) . Results from lineage tracing demonstrated that the anterior protrusion originates from clonal cells that give rise to the anterior part of the SV (Taniguchi and Nishida 2004) , and recent molecular evidence from studies on Ci-Otx and Ci-Nut as well as CFP expression driven by the neural-tube marker Ci-Nut promoter mark the anterior domain ( (Fig. 5B) . Thus, these findings support the existence of an anterior protrusion to the SV.
The anterior protrusion is sometimes inaccurately identified as the ND, which gives rise to the ciliated duct (CD). However, the anterior protrusion does not originate from the a8.18 and a8.26 cell lineages that give rise to the ND, but from the ventral part of the neural tube derived from the a8.19 cell lineage (Cole and Meinertzhagen 2004; Taniguchi and Nishida 2004) . Actually, observations of the anterior protrusion marked with pCi-Nut::CoCFP were different compared with another tissue elongating dorsally to the SV, which should correspond to the ND (Fig. 5B) . Thus, the anterior protrusion (#2 in Fig. 5C ), which is related to the stomodeum, should be considered separate from the ND that appears to originate from the anterior tip of the dorsal neuroectoderm (#3 in Fig. 5C ). Zeller et al. 2006 ) driven with a promoter region of Ci-Nut, which is a neural tube marker (Etani and Nishikata 2002; Shimai et al. 2010 ). The anterior protrusion was indicated with the neural tube marker as well as by endogenous expression (a white arrow), and the ND was also revealed dorsal to the SV. Strong CFP expression elongating downward was also observed in the present study (a question mark, see also the main text). (C) An updated view combining data from Figs. 4 and 5B with recent publications. The domain around the stomodeum is more complicated than in the orthodox views. A folded structure of the neuroectoderm should correspond to the anterior pocket of the stomodeum in the orthodox views. The folded structure can explain how the invaginating stomodeal ectoderm (#1) contacts dorsal neuroectoderm tissue (#3) by extruding the ventral neuroectoderm anteriorly (#2) (see Fig. 4 ; Christiaen et al. 2005) . The opening points of the SV is positioned deeper (indicated by a star; see also Fig. 4 ). A7.6 lineage-derived mesenchyme cells, which are considered neural crest-like cells, migrate from the lateral trunk regions to the domain around the folded structure (Tokuoka et al. 2005 , Jeffery et al. 2008 . More precisely, the bottom of the stomodeum is laterally covered with the folded neuroectoderm and then surrounded with the endoderm tissue (not displayed in the figure) . Confusion is caused partially by observations at different stages of the dynamic development process. ND: neurohypophyseal duct/ canal, PSV: posterior sensory vesicle, ST: stomodeum, SV: sensory vesicle.
The major difference between the orthodox view and the updated model is the position of the opening of the SV to the neuropore (indicated by stars in Figs. 4 and 5) . Although it is difficult to observe the precise position of the original neuropore in actively proliferating tissues, the neuropore can be observed at the bottom end of the anterior wall of the SV by using a typical microscope (not shown). The orthodox model declares that the neuropore is closed, the ectodermal stomodeum invaginates and fuses with the neuroectoderm, and then the neuropore re-opens at the same position as the opening of the ND. However, in the updated model, the initial opening of the SV is positioned very deep and is not completely closed. Manni et al. (2005) observed that the posterior wall of the stomodeum is flat, suggesting that the initial opening is probably somewhere else. Also, the deep position of the SV's opening is too far away from the invaginated ectodermal stomodeum. Thus, data from cytological sections by Manni et al. (2005) and expression of reporters FPs of pCi-Nut1::CoCFP and pCi-Six3::Venus suggest that a new opening, namely an opening of the ND, may form later at the anterior tip of the SV (Figs. 4 , 5B, and 6C; see also Willey 1893; Huntsman 1913) . This model, although not yet completely proven, may explain various inconsistencies in the closure of the neuropore (see Supplementary Material 8) , and the most probable hypothesis is that the oral ectoderm (#1) contacts the ND (#3) via invagination of the stomodeum.
Interactions of cells around the folded structure are more complicated in the A7.6 lineage of mesenchyme cells, which express Ci-Twist-like1, migrate from the lateral-trunk-region domain, and give rise to muscle cells of the oral siphon (Tokuoka et al. 2005) . Jeffery et al. (2008) proposed that the lateral cells of the trunk might be homologous to types of cells possessed by common ancestors of tunicates and vertebrates although several researchers have suggested that more verification is needed for this conclusion (e.g., Baker 2008; Schlosser 2008) . In vertebrates, mesenchymal cells seem to be involved in survival of induced AH tissue rather than directly participating in an inductive event (Treier et al. 1998; Gleiberman et al. 1999) . Thus, although it is unknown which ascidian mesenchymal cells participate in morphogenesis of the stomodeum and the CF, it is of interest from an evolutionary point of view to investigate cell interactions with migrating mesenchyme cells, and also with endodermal tissues surrounding the stomodeal domain.
Do endodermal cells participate in the lineage of the ciliated funnel/dorsal tubercle tissue?
In previous chapters, I focused not only on ectodermal tissues, but also the contribution of endodermal tissues in the CF/dorsal tubercle (DT) should be considered, as they are another tissue that is close to the ectoderm and neuroectoderm surrounding the stomodeum. The boundary between the ectoderm and endoderm surrounding the stomodeum and the primordium of the oral siphon is often incorrectly defined; i.e., the ectodermal stomodeum, or oral siphon primordium, is frequently called the pharynx primordium, whereas this term should be applied to an organ of endodermal origin. The older terminology appears in several landmark papers (e.g., Katz 1983) although some recent publications have started to correct this mistake (e.g., Lemaire et al. 2008) .
The ciliated pharyngeal domain, close to the opening of the CF, is sometimes mistaken for the CF/DT (see inlet, Fig. 6C ). For example, Takamura (2002) suggested that the CF shares a common developmental origin with the ciliated pharynx domain due to the ciliated cells that compose this epithelial layer. Furthermore, Hirano and Nishida (2000) and Awazu et al. (2004) may have misidentified the ciliated branchial epithelium as the DT, as seen in one of their figures, whereas the DT should be positioned externally to the peripharyngeal band, which may determine the border between the endodermal pharynx and the ectodermal oral siphon (Chiba et al. 2004) . While the endodermal tissue is indeed observed to be adjacent to the CF, study of the lineage showed that the ciliated pharynx domain originates from the A7.4 lineage of endodermal cells (Hirano and Nishida 2000) , and cells expressing pCi-Six3::YFP are restricted to the ectodermal and neuroectodermal cells that give rise to the oral siphon and the CF/DT (Fig. 6) .
These experiments contribute to the rejection of the hypothesis that endodermal cells participate in the lineage of the CF/DT. Thus, a future task is to test whether the CF originates from the oral ectoderm in accordance to the updated model proposed in the present study.
A perspective: more observations, including analysis of the fates of cells, are desirable
Other animal models may also be in need of clarification of whether the primordium of the AH is of endodermal or ectodermal origin. For example, in the hagfish, although an endodermal origin was proposed for the AH (Gorbman 1983) , some researchers, including Gorbman himself, thought that the hagfish should be re-examined because the belief in an endodermal origin for the AH was based on old fixed samples (e.g., Ota and Kuratani 2006; Candiani et al. 2008) . Comparison of work on development of the AH in lamprey (Uchida et al. 2003) with the research on hagfish reveals that although hagfish embryos are morphologically similar to lamprey's embryos, lamprey tissues that are labeled as ectodermal tissues are annotated as endodermal tissues in hagfish specimens (Gorbman 1983) . Thus, further examination of this issue is desired (Ota and Kuratani 2008) .
The view that the preoral ciliated pit, fated to become Hatschek's pit, is the AH primordium in amphioxus is based on anatomical aspects and on expression of several pituitary markers such as Pax6, Pitx, and Pit-1 (Glardon et al. 1998; Gorbman et al. 1999; Yasui et al. 2000; Boorman and Shimeld 2002; Candiani et al. 2008) . However, the border between ectoderm and endomesoderm is unknown, and it is unclear whether the pit is derived from endomesoderm, ectoderm, or both (reviewed by Schlosser 2005) . Based on ectodermal Pitx expression in early-stage amphioxus embryos (Yasui et al. 2000; Boorman and Shimeld 2002) , it may be reasonable to assume that a developmental process observed in ascidians may also occur in amphioxus embryos. Although Hatschek's pit is positioned close to the CNS in juveniles and adults (Gorbman et al. 1999) , Candiani et al. (2008) thought that during the larval stage, the position of the preoral organ was too distant from the brain for it to be an AH primordium. However, when referring to the formation of the ascidian stomodeum, it seems that the initial distance between Hatschek's pit and the brain may be a possible shared characteristic among chordates. Thus, additional work on the developmental processes in the amphioxus model is needed.
To gain deeper insight into mechanisms of development, Ciona is a helpful model because using many modern techniques it can be compared to other organisms. Since expression patterns of Pax2/ 5/8 and Six3 orthologs in a tunicate (larvacean) led to queries whether the roof of the rostral pharynx has an ectodermal or an endodermal origin, Bassham and Postlethwait (2005) emphasized the importance of performing further studies on the fate of cells to resolve the issue. The present study addresses that issue through lineage tracing from the tailbud stage to the juvenile using pCi-Six3::YFP. A cell-fate study is indeed a hopeful strategy for tackling the major hypothesis that the CF is derived from the oral ectoderm. This approach is being pursued currently by Jean-Stephane Joly and colleagues. Moret et al. 2005; Christiaen et al. 2007) . It is noteworthy that the NE domain can be grouped into dorsal (#3) and ventral (#2) regions. Although it is not presented here, the ventral NE is surrounded by endodermal tissues at domains lateral to the midline, and the endoderm interacts with the ectoderm. (B) Venus, or yellow fluorescent protein (YFP), expression in the ectoderm and neuroectoderm of an ascidian embryo. YFP expression was driven by a Ci-Six3 promoter [pCi-Six3::Venus, refer Christiaen et al. (2007) for the Ci-Six3 promoter]. The ectodermal and neuroectodermal tissues are marked at MTB2 (corresponding to st22 in staging by Hotta et al. 2007 ). The YFP image alone is shown in the inlet. (C) YFP reporter expression at the juvenile stage using the same expression construct. The topological relationship among the three domains is also maintained until the juvenile stage (the YFP image alone is shown in C'). YFP is not observed in the endodermal pharynx, but at the wall of the oral siphon, velum, and CD, which are external to the peripharyngeal band (PpB, white dotted line). Faint auto-fluorescence is frequently observed at the degenerating sensory vesicle. Although the domain is not discussed in the present study, this domain should be carefully considered. Black arrows indicate the border between (neuro-) ectoderm and endoderm. Asterisks indicate the opening of the CF, where Ci-Pitx is expressed, suggesting that in the ascidian, the CF may be homologous to the adenohypophysis counterpart (Boorman and Shimeld, 2002; Joly et al. 2007a Joly et al. , 2007b . A square bracket below the asterisk indicates a pharyngeal ciliated zone, which did not express pCi-Six3::Venus as the ectoderm and neuroectoderm marker (see also Hirano and Nishida 2000) . From experiments using only pCi-Six3, the origin of the CF domain, around the asterisk, between the ectoderm and neuroectoderm remains to be determined (see the main text).
General conclusions
Although genomic approaches to lower chordates and deuterostomes revealed the likelihood that acquisition of endocrine activities by the AH was an innovation of vertebrates (Dehal et al. 2002; Campbell et al. 2004; Holland et al. 2008; Okada and Asai 2008) , further studies, such as examinations of other ascidian species and of Ciona glycoprotein hormone subunits, could reveal new findings. On the other hand, developmental studies on ascidians may be useful in identifying an AH primordium. Consequently, to gain insight into an evolutionary origin of the AH or pituitary, detailed observations of stomodeal development should be gathered first in parallel with surveillance of the endocrine activity of the CF. Besides, it is also essential to integrate and revisit published data, as shown in the re-annotation of the Ciona glycoproteins and the updated model of the development of the oral ectoderm. Moreover, to achieve a better understanding of a previously investigated mechanism, it is helpful to compare several animal models, such as the ascidian and amphioxus chordate models (Schubert et al. 2006) . Recent reports about amphioxus were indeed helpful in discussing glycoproteins found in the Ciona genome, and data on the boundary between the ascidian ectodermal and endodermal tissues may provide an incentive to revisit evidence from hagfish, amphioxus, and larvaceans. Such comparative studies from several phylogenetically different animals may shed light on the past 130 years of debates on the evolutionary origin of the pituitary.
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